abstract BACKGROUND: Previous studies have shown an association between prematurity and attentiondeficit/hyperactivity disorder (ADHD). Results concerning late preterm infants are controversial, and studies examining fetal growth represented by weight for gestational age are scarce. Our objective was to examine the association between gestational age by each week of fetal maturity, weight for gestational age, and ADHD.
WHAT'S KNOWN ON THIS SUBJECT: Infants born very prematurely or with a very low birth weight are known to have an increased risk of attentiondeficit/hyperactivity disorder (ADHD). Results concerning late preterm children are controversial and studies examining fetal growth represented by weight for gestational age are scarce.
WHAT THIS STUDY ADDS:
We demonstrate that each declining week of gestation increases the risk of ADHD. Also, late preterm infants have an increased risk. Furthermore, as weight for gestational age becomes smaller than 1 SD below the mean, the risk of ADHD increases.
Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental disorder characterized by symptoms of inattention, hyperactivity, and impulsivity. It is estimated to have a worldwide prevalence of approximately 3.4% to 7.2%. [1] [2] [3] The disabling symptoms often persist beyond childhood. 4, 5 The development of the disorder is thought to have a strong heritable component. 6 However, environmental factors and gene-environment interaction play a notable role in the etiology of ADHD as well. Identified environmental risk factors include young maternal age, low socioeconomic status (SES), and prenatal exposure to smoking and alcohol. [7] [8] [9] Premature birth and low birth weight have been shown to increase the risk of ADHD in a number of studies. [10] [11] [12] [13] Most studies concerning preterm birth and ADHD have focused on extremely preterm infants, whereas the vast majority of children born prematurely are born at a later gestational age. 14 Studies concerning the ADHD risk of late preterm infants are significantly fewer and have yielded somewhat contradictory results. 4, [15] [16] [17] [18] Poor fetal growth or being small for gestational age (SGA) also has been associated with neurodevelopmental problems and ADHD. 4, 13, 19, 20 Most studies have analyzed the association between low birth weight and ADHD. 13 There are, however, limited population-based studies focusing on fetal growth represented by birth weight for gestational age. Cohort studies have concluded that rather than prematurity or very low birth weight per se, the SGA status increases the risk of ADHD. [21] [22] [23] The risk of ADHD has not been previously studied by each week of fetal maturity. Four previous population-based studies reporting the association between gestational age and ADHD have shared the limitation of not adjusting the results with parental psychiatric history and maternal substance abuse. 4, 9, 15, 18 A strong correlation between psychosocial adversities and intrauterine growth restriction is acknowledged as well. 24, 25 However, there is a lack of studies analyzing the association of antenatal growth and ADHD while taking into account the major confounders related to fetal growth.
We sought to examine the associations of prematurity and fetal growth in relation to ADHD in a nationwide, nested, case-control study in Finland. Our first aim was to examine the association between gestational age and ADHD by each gestational week. Our second aim was to study the association of weight for gestational age and ADHD. Our hypothesis was that both premature birth and suboptimal fetal growth are risk factors for ADHD and that there is a linear association between a declining gestational age and the risk for ADHD.
METHODS

The Finnish Health Care System
Finland has universal health coverage; the public health care system includes primary health care (maternity and child welfare clinics, school health care services, and health care centers), and specialized health care provided as inpatient and outpatient care. The visits to child and school health care services are free of charge, and virtually all children in Finland use these services. Children suspected of having ADHD are referred from primary health care to specialized outpatient clinics to be assessed by a child psychiatrist or neurologist.
The Nationwide Registries
The data for this study were collected from 3 nationwide registries: the Finnish Hospital Discharge Register (FHDR), the Finnish Medical Birth Register (FMBR), and the Finnish Central Population Register (FCPR). All residents in Finland receive a unique personal identification code at birth or migration. This number enables linkage of information from several sources. The FHDR is maintained by the National Institutes of Health and Welfare and includes all inpatient diagnoses since 1967 and outpatient diagnoses from specialized services since 1998. In Finland, diagnostic classification is based on the International Classification of Diseases (ICD); the 10th Revision has been used since 1996. 26 From 1987 to 1995 the diagnoses were coded according to ICD-9. 27 The validity of the ADHD diagnosis in the FHDR has been evaluated in a previous study showing that 88% of subjects examined met the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition diagnostic criteria for ADHD. 28 The FMBR, established in 1987, contains comprehensive data on all newborns in Finland, maternal health-related behaviors, demographic characteristics, and perinatal events. The FCPR contains basic information regarding citizens and permanent residents of Finland, such as family relations, and date of birth and death. Approval for the utilization and linkage of register data for this research was obtained from the Data Protection Ombudsman. Ethical approval for the study was provided by the Ethics Committee of the Hospital District of Southwest Finland.
The Study Design
This study followed all singleton newborns born in Finland between January 1, 1991, and December 31, 2005 (n = 900 603), for ADHD diagnoses until December 31, 2011 (diagnostic codes F90 in ICD-10 or 314 in ICD-9). Children who had received an ADHD diagnosis before the age of 2 years, but not after that, were excluded (n = 16). Children diagnosed with severe or profound mental retardation (ICD-10: F72-F73, ICD-9: 318) also were excluded (n = 13). Children for whom information on gestational age or birth weight was not available (n = 87) or clearly inaccurate (n = 1) were excluded. A total of 10 321 children with ADHD were thus included in the study. The most recently registered diagnosis was used for identification. All children were diagnosed with an ICD-10 code.
Each patient was matched with 4 controls on the date of birth (630 days), gender, and the place of birth. The controls were identified through linkage between the FHDR and the FCPR. The controls were to be alive and residing in Finland at the time of the patient's diagnosis and were not to have a diagnosis of ADHD, conduct disorder (ICD-10: F91-F92) or severe or profound mental retardation. Controls with lacking (n = 452) or clearly incorrect (n = 1) information on gestational age or birth weight, and controls of excluded cases (n = 317) were excluded, resulting in 38 355 controls.
Gestational Age and Birth Weight for Gestational Age Information
Data on gestational age and birth weight were obtained from the FMBR. The first exposure, gestational age, was analyzed by each completed gestational week, using week 40 as the reference. Because of a limited number of infants born in week 23, we combined them with week 24. Gestational age was calculated mainly based on information of the last menstrual period, but it has been verified, and corrected if needed, with a first trimester ultrasound since the late 1980s. 29 The second exposure, weight for gestational age, was calculated according to national gender-specific birth weight distribution standards at a given gestational age for singletons. The references are derived from all newborns in Finland born between 1996 and 2008. 30 We divided the weight for gestational age into 9
categories by a change of 0.5 SDs. The categories were thereby , -2.00 SD, -2.00 to -1.51 SD, -1.50 to -1.01 SD, -1.00 to -0.51 SD, -0.50 to +0.50 SD (reference), 0.51 to 1.00 SD, 1.01 to 1.50 SD, 1.51 to 2.00 SD, and .2.00 SD. We also analyzed gestational age and weight for gestational age as continuous variables.
Additional analyses were made by gender and these are available as supplementary material. Because of a limited number of extremely preterm girls, the gestational age was categorized as #28, 29 to 31, 32 to 33, 34 to 36, 37 to 38, 39 to 40 (reference), and $42 weeks for these analyses.
Confounding Factors
A number of potential confounding factors suggested as having an association with prematurity and/or fetal growth and ADHD were considered for inclusion in the analyses. These factors included smoking during pregnancy, 17 
Statistical Methods
Potential confounders were tested using the Pearson x 2 test for the association with both exposures (gestational age and weight for gestational age) among controls. Conditional logistic regression was then used to test for the association between potential confounders and ADHD. Confounders were included in the regression models if they were associated with either one of the exposures and the outcome at P , .10.
Conditional logistic regression models for matched pairs were used to examine the associated exposures between the patients and controls. In the first stage, we estimated unadjusted odds ratios (ORs) and 95% confidence intervals (CIs) for the gestational age by each week and weight for gestational age in the previously mentioned categories. In the final model, adjustment was made for all the confounders.
For the analysis of gestational age and weight for gestational age as continuous variables, linear and quadratic models were fitted. The quadratic model was selected based on the Akaike information criterion. A similar adjustment was made as for the categorical analysis. A 2-sided P , .05 was considered statistically significant. Statistical analyses were performed with SAS statistical software (SAS version 9.4; SAS Institute, Inc, Cary, NC).
RESULTS
The mean age at ADHD diagnosis was 7.6 years (SD 2.9 years, range: 3-19 years). In total, 84% of the children with ADHD were boys and 16% were girls.
Bivariate testing for potential confounding factors demonstrated that maternal age, substance abuse and smoking during pregnancy, number of previous births, marital status, paternal age, and the urbanity of the child's birthplace had an association with gestational age, weight for gestational age, and ADHD. Maternal psychiatric history was associated with gestational age and ADHD. Maternal SES and paternal psychiatric history and immigrant status were associated with weight for gestational age and ADHD. All of these factors were included as confounders in the final analyses. Among the tested, potential confounders, maternal immigrant status did not have a correlation with the gestational age or weight for gestational age (Supplemental Table 3 ). Figure 1 shows the results of the adjusted association for the weekly increase in gestational age and of the continuous model. Figure 2 shows these results focused to present the findings in the late preterm group. Table 2 shows the results of the analysis for weight for gestational age and ADHD. Infants born SGA (,-2 SD) had more than twofold increased risk for ADHD in the univariate analysis, and after adjustment for confounders, the OR was 1.80 (95% CI 1.58-2.05). A significantly increased risk also was seen in the groups of weight for gestational age from -2.0 to -1.5 SD and from -1.5 to -1.0 SD, resulting in adjusted ORs of 1.36 (95% CI 1.21-1.52) and 1.14 (95% CI 1.04-1.24), respectively. Infants born large for gestational age (LGA) (.2 SD) had a 1.21-fold (95% CI 1.05-1.40) increased risk according to the adjusted model. Figure 3 presents the results of the adjusted analysis examining the association of continuous weight for gestational age and ADHD. The ORs showed a U-shaped curve with the highest risk for ADHD in the infants with the lowest weight for gestational age, and the risk for ADHD rising again for LGA infants. The results of the additional analyses by gender can be found in Supplementary Tables 4  and 5 .
DISCUSSION
This population-based study demonstrated that premature birth is a risk factor for ADHD, with each declining week of gestation increasing the risk of ADHD. Interestingly, the risk of ADHD remained moderately elevated even in late-preterm and early-term infants. Second, we demonstrated an increased risk for ADHD with a decreasing weight for gestational age. The risk already increased when the birth weight was 1 SD below the mean. Therefore, our study showed that an elevated risk was evident before the cutoff limit of -2 SD used in many studies. The additional analyses by gender showed similar results in the risks as seen in the overall group. Four Nordic population-based studies, 4, 16, 17, 47 consistent with our results, have shown an increased risk of ADHD related to preterm birth. Late-preterm children in these studies had a moderate, but consistently increased risk of ADHD, similar to our findings. Our results demonstrated also a slightly increased risk related to early-term birth, which is in line with studies from Denmark, 17 Sweden, 16 and Australia. 18 Few other studies, however, have not shown similar findings. A study from the United States with 1509 children with ADHD or learning difficulties found no increased incidence of ADHD in latepreterm children. 15 An Australian study concluded that reduced gestational age did not remain as a risk factor after adjustment for confounders. 18 To the best of our knowledge, no previous study has reported the risk for ADHD by each week of fetal maturity.
There are few population-based studies on the association between weight for gestational age and ADHD. Our results showing an increasing risk for ADHD with a decreasing weight for gestational age is in line with a Norwegian study, 4 which also used weight for gestational age as an indicator of fetal growth. Our results are, however, in contrast with 2 studies from Australia. A large cohort study 48 found an association between SGA status and attention problems only among term-born girls. Another study did not find an increased risk of ADHD among SGA children in the adjusted model. 18 However, a recent twin study showed that among monozygotic twin pairs, a difference in birth weight was related to ADHD symptoms. These results indicate that restricted fetal growth is likely to act in the causal pathway of ADHD through impaired in utero nourishment, leading to disturbed brain development and subsequently neurodevelopmental problems. 49 Gestational overgrowth has been associated with several subsequent morbidities 50 and in our data this also was seen as an increased risk of ADHD among LGA children. This was in line with a study from Norway, 4 but in contrast with a study from Australia. 18 LGA is typically associated with maternal diabetes or overweight and it has previously been shown that there is an association between maternal overweight and offspring ADHD symptoms. 51 A large Swedish study showed that the association between gestational age and ADHD was largely independent of familial confounding factors. 47 This is also consistent with our results showing only a minor impact after adjustment for a number of confounders. In Finland, the socioeconomic differences in perinatal health and preterm births are low. 52 Therefore, the association between prematurity and ADHD is unlikely to be attributed to potentially uncontrolled social
FIGURE 1
Associations of ADHD and gestational age by each gestational week and by fitting a continuous quadratic model (with 95% CIs).
background factors. Furthermore, the Finnish health care system, which follows all children, is likely to detect most children with ADHD. The settings in other Nordic countries are similar, which may explain consistent results from Nordic studies compared with studies from Australia and the United States.
During fetal development, neurogenesis and neuronal migration to form the neocortex continue until the end of the second trimester. Synaptogenesis, brain folding, and myelination are still in progress after very premature birth and thus prone to disruptions in cortical connectivity, cell death, and myelination disorders. 53, 54 This may provide explanations for the etiology of ADHD in very preterm infants. In addition, possible mechanisms may lie in the etiology of the preterm birth and the processes behind it. Preterm labor is thought to be initiated by multiple mechanisms, including infection or inflammation, utero-placental ischemia or hemorrhage, stress, and other immunologically mediated processes. 55 These may account for the cascade leading to the development of ADHD, especially in an individual genetically susceptible to the disorder.
As the vast majority of preterm infants today survive without major neurodevelopmental disabilities, 56, 57 there is concern about the risk of later inattention/ hyperactivity and learning difficulties by school age and during adolescence. 58 Becoming aware of the long-term outcomes of children born late preterm is noteworthy, because ∼72% of infants born prematurely are born during that period (34-36 weeks). 59 Thus, even a modest increase in the ADHD risk observed in this group, as seen in our data, results in a substantial number of ADHD cases at the population level. The same applies to a slightly increased ADHD risk among early term (37-38 weeks) infants, which calls for attention especially when planning iatrogenic timing of birth.
FIGURE 2
Associations of ADHD and gestational age by weekly categories and by fitting a continuous quadratic model (with 95% CIs) among late preterm and term infants. For weeks 34, 41, 42, and 43, P . .05. There are limitations that have to be considered when interpreting our findings. First, the ADHD diagnoses used in this study were derived from hospital discharge registers, including outpatient visits and inpatient admissions. Therefore, we have included only children with ADHD diagnosed or followed in specialized health care. Some ADHD diagnoses could have been made in the community health care and these children may have ended up in the control group. In addition, some children with ADHD problems may have been missed altogether, remaining without a diagnosis and thus end up as controls. These flaws would, however, decrease the observed difference between the patients and controls, and thus our current finding would rather underestimate the association. Second, the ADHD diagnoses in the registers were made based on clinical routines, which might include variations. We acknowledge that we did not make the diagnoses by using standardized interviews. In Finland, a child typically receives an ADHD diagnosis in specialized health care after having undergone psychological testing and a diagnostic interview by a child psychiatrist or child neurologist combined with information gathered from questionnaires to parents and school or day care personnel. However, the accuracy of the diagnoses in the FHDR has been found to be good for the diagnosis of mental disorders. 60 Furthermore, a previous validation study showed good validity (88%) of the ADHD diagnoses in the FHDR. 28 Third, children born very prematurely generally receive more specified follow-up in their first years of life compared with term controls. This may potentially lead to a higher alertness to neurodevelopmental problems and thus a lead to a higher rate or sooner occurrence of ADHD diagnoses to some extent. Fourth, we used weight for gestational age as our measure of fetal growth, as we could not directly observe intrauterine growth trends. 61 However, by using new birth-size references from a nationwide validation of growth curves, we assume that our references reflect optimal and healthy growth of the newborn. 30 
CONCLUSIONS
We demonstrated that each declining week of gestation increased the risk of ADHD. This emphasizes the significance of each gestational week for later neurodevelopment. However, we also showed that poor fetal growth increased the risk of ADHD. This makes it challenging to balance between nonoptimal fetal growth and the risks of prematurity from the perspective of the long-term outcome while planning the optimal timing of birth. In addition, this highlights the importance of taking into account both prematurity and poor fetal growth when planning follow-up and support policies. Association of ADHD and weight for gestational age by fitting a continuous model with 95% CIs. SDs according to national birth-size references 30 
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